Fear memories typically persist for long time periods, and persistent fear memories contribute to post-traumatic stress disorder. However, little is known about the cellular and synaptic mechanisms that perpetuate long-term memories. Here, we find that mouse hippocampal CA1 neurons exhibit biphasic Arc (also known as Arg3.1) elevations after fear experience and that the late Arc expression regulates the perpetuation of fear memoires. An early Arc increase returned to the baseline after 6 h, followed by a second Arc increase after 12 h in the same neuronal subpopulation; these elevations occurred via distinct mechanisms. Antisense-induced blockade of late Arc expression disrupted memory persistence but not formation. Moreover, prolonged fear memories were associated with the delayed, specific elimination of dendritic spines and the reactivation of neuronal ensembles formed during fear experience, both of which required late Arc expression. We propose that late Arc expression refines functional circuits in a delayed fashion to prolong fear memory.
Introduction
Fear memories typically persist for long time periods, and persistent fear memories may contribute to post-traumatic stress disorder (Steckler and Risbrough, 2012) . Formation of long-term fear memory depends on rapid molecular cascades followed by the induction of synaptic plasticity (Johansen et al., 2011) ; however, the cellular and synaptic mechanisms that perpetuate longterm memories are less understood. A recent study found that inhibition of protein synthesis 12 h after learning impaired longterm memory retention at 7 d but not 2 d after learning (Bekinschtein et al., 2007) , implicating late biochemical changes in memory persistence. Therefore, it is possible that perpetuation of long-term memories is associated with unique cellular mechanisms that require late biochemical changes.
Arc (also known as Arg3.1) is an immediate early gene that is required for the consolidation of synaptic plasticity and longterm memory (Guzowski et al., 2000; Plath et al., 2006) . Late Arc expression after spatial exploration has been reported (Ramírez-Amaya et al., 2005) , although its relationship with learning as well as its role and induction mechanisms have not been examined. Previous studies have revealed that Arc is central for synaptic scaling in vitro (Shepherd et al., 2006) and for synapse elimination during visual cortex and cerebellum maturation in vivo (Gao et al., 2010; McCurry et al., 2010; Mikuni et al., 2013) . Although developing neural circuits prune synapses to shape synaptic connectivity, in the mature brain, experience and associative learning can also lead to synapse elimination (Yang et al., 2009; Hübener and Bonhoeffer, 2010; Lai et al., 2012; Sanders et al., 2012) . Particularly, spine elimination in the late phase after learning has been proposed to be a mechanism for the long-term stabilization of memory (Grønli et al., 2013) . This spine elimination, which could enhance signal-to-noise ratios to encode experiencedriven information (Grønli et al., 2013; Schacher and Hu, 2014) , may later lead to stable reactivation of neuronal ensembles bearing a memory engram.
In this study, we examined Arc expression early and late after associative learning and identified their roles in memory and refinement of neuronal circuits. We measured hippocampal Arc levels at multiple time points after contextual fear conditioning (FC) and discovered that Arc expression increases not only immediately but also 12 h after conditioning. Using an antisense oligodeoxynucleotide (ODN) approach, we selectively blocked late Arc expression and found that late Arc expression is required for persistence, but not formation, of contextual fear memory. Furthermore, with Thy1-mGFP and Fos-H2BGFP mice, we assessed structural modifications associated with memory persistence. Memory persistence was associated with spine elimination and the reactivation of neuronal ensembles formed during learning, and late Arc expression was critically involved in these processes. Our findings provide novel insight into the cellular and synaptic mechanisms underlying memory persistence.
Materials and Methods
Mice. All experiments were approved by the animal experiment ethics committee at the University of Tokyo (approval number 24 -10) and were in accordance with the University of Tokyo guidelines for the care and use of laboratory animals.
Adult male C57BL/6J mice (Japan SLC), Fos-H2BGFP mice, and Thy1-mGFP mice, weighing 20 -30 g and 8 -13 weeks of age, were housed 2-4 per cage and kept on a 12 h light/dark cycle (lights on from 7:00 A.M. to 7:00 P.M.). Fos-H2BGFP mice (Tayler et al., 2013) were generated by crossing hemizygous transgenic mice that express tetracyclinetransactivator (tTA) under control of the c-Fos promoter (strain, Tg(FostTA,Fos-EGFP*)1Mmay; stock #008344; The Jackson Laboratory) (Reijmers et al., 2007) with hemizygous transgenic mice that express a H2B-GFP fusion protein under control of tetO (strain, Tg(tetO-HIST1H2BJ/GFP)47Efu/J; stock #005104; The Jackson Laboratory). Mice were raised on food containing doxycycline (Dox) (40 mg/kg) before behavioral experiments. When the rapid inhibition of H2B-GFP expression was required after behavioral tasks, the mice were given food containing 1 g/kg Dox. Dendritic spine morphology was observed with Thy1-mGFP mice (line 21, gift from Drs. V. de Paola and P. Caroni) (De Paola et al., 2003) , which express membrane-targeted EGFP in a small number of neurons. Transgenic mice were maintained on a C57BL/6J background. All mice were given free access to food and water and acclimated to daily handling for 1 week before the start of the study.
Behavioral procedures. Contextual FC and subsequent testing were performed in a conditioning chamber (18 cm wide, 15 cm deep, and 27 cm high) that had a stainless steel grid floor (Nomura et al., 2012) . The chamber was cleaned with 70% ethanol before each session. A conditioning session consisted of placing the mice in the chamber and delivering a 2 s footshock (1 mA) after 148 s. The mice then received 2 additional shocks every 148 s. They were kept in the chamber for an additional 60 s and were then returned to their home cages. An immediate shock (IS) session consisted of delivering 2 s footshocks 3 times to the mice immediately after placing them in the chamber. The mice then remained in the chamber for 500 s. The testing session consisted of exposing the mice to the conditioning chamber for 5 min in the absence of a footshock. A neutral context session consisted of exposing the mice to another chamber (47 cm wide, 47 cm high, and 20 cm deep) for 10 min. All sessions were performed between 8:00 A.M. and 12:00 P.M., and each session was video-recorded for automatic scoring of freezing, according to a previously described method (Nomura and Matsuki, 2008) . Fear memory was assessed and expressed as the percentage of time the animal remained frozen, a commonly used parameter for measuring conditioned fear in mice. Freezing was defined as the absence of all movements, except those related to breathing.
Western blotting. Mice were decapitated after diethyl ether anesthesia, and their brains were rapidly removed and frozen at Ϫ80°C. Coronal brain sections (300 m) were prepared using a cryostat (HM520; Thermo Fisher Scientific). The dorsal hippocampus (1.30 -1.90 mm posterior to bregma) was punched out and homogenized in RIPA buffer (08714-04, Nacalai Tesque). Protein concentrations were normalized across homogenates using the BCA method (Thermo Fisher Scientific). Equal amounts of protein were electrophoresed on 5%-20% SDS polyacrylamide gels and transferred to nitrocellulose membranes. Western blots were blocked in blocking buffer (03953-95, Nacalai Tesque) and then incubated with an anti-Arc/Arg3.1 antibody (sc-17839, Santa Cruz Biotechnology) at a 1:1000 dilution or with an anti-␤-actin antibody (A3854, Sigma) at a 1:10,000 dilution. After incubation with anti-mouse IgG (A9044, Sigma) at a 1:100,000 dilution, bands were developed with a chemiluminescent substrate (RPN2132, GE Healthcare). The immunopositive signals were quantified by ImageQuant LAS 4000 (GE Healthcare). Arc/Arg3.1 signals were normalized with ␤-actin signals.
Immunohistochemistry. After anesthesia with diethyl ether, mice were transcardially perfused with PBS followed by 4% PFA. Brains were postfixed in 4% PFA for 12 h. Free-floating coronal sections (40 m) were prepared using a cryostat. Arc was visualized with an anti-Arc/Arg3.1 primary antibody (156 003, 1:1000; Synaptic Systems), biotinylated antirabbit secondary antibody (BA-1000, 1:500; Vector Laboratories), VEC-TASTAIN ABC Kit (Vector Laboratories), and TSA Plus Cyanine 3 System (NEL744001KT, 1:100; PerkinElmer). H2B-GFP protein was visualized with an anti-green fluorescent protein primary antibody (A-11120, 1:1000; Invitrogen) and AlexaFluor-488 goat anti-mouse IgG secondary antibody (A-11001, 1:1000; Invitrogen). Nuclei were counterstained with Hoechst dye (1:1000; Invitrogen). NeuN was visualized with an anti-NeuN primary antibody (MAB377, 1:1000; Merck Millipore), and AlexaFluor-488 goat anti-mouse IgG secondary antibody. GFAP was visualized with anti-GFAP primary antibody (G9269, 1:1000; Sigma) and AlexaFluor-594 goat anti-rabbit IgG secondary antibody (A11037, 1:1000; Invitrogen). Iba1 was visualized with anti-Iba1 primary antibody (019-19741, 1:1000; Wako) and AlexaFluor-594 goat anti-rabbit IgG secondary antibody (A11037, 1:1000; Invitrogen).
Confocal microscopy and image analysis following immunohistochemistry. Images of hippocampal CA1, CA3, and DG neurons (1.30 -1.90 mm posterior to bregma, 4 -6 slices per mouse) were acquired using a confocal microscope (CV1000; YOKOGAWA) at 40ϫ under an oilimmersion lens (NA, 1.3). Areas of analysis were z-sectioned in 1.6 m optical sections. The same laser and scanning settings were used for images within an experiment to allow for comparison across groups. Fluorescence images were analyzed using ImageJ software (National Institutes of Health). The nuclei in the CA1 pyramidal layer were traced in the Hoechst channel using ImageJ software. Only cells that were presumptive neurons, with large nuclei stained diffusely with Hoechst, were included in the analysis. The traced regions were copied to corresponding Arc and GFP channels for analysis. The designation "H2B-GFPpositive (H2B-GFP ϩ )" was assigned to cells whose nuclei were entirely labeled with GFP. The designation "Arc-positive (Arc ϩ )," "NeuNpositive (NeuN ϩ )," and "Iba1-positive (Iba1 ϩ )" were assigned to cells containing perinuclear labeling over multiple optical sections. Averaged GFAP fluorescence intensity per pixel in the CA1 region was quantified using ImageJ software. To obtain relative Arc ratio of GFP ϩ or GFP Ϫ neurons, we divided the proportion of neurons with Arc signal in GFP ϩ or GFP Ϫ neurons by the proportion of neurons with Arc signal in all neurons. An experimenter blind to behavioral condition assigned labels for H2B-GFP and Arc independently and counted the number of NeuN ϩ and Iba1 ϩ neurons. Surgery. Mice were anesthetized with pentobarbital (2.5 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and 26-gauge stainless-steel guide cannulae (Plastics One) were implanted in the dorsal hippocampus (Ϫ2.0, Ϯ1.7, Ϫ1.5 relative to bregma). Cannulae were secured to the skull using a mixture of acrylic and dental cement, and 33-gauge dummy cannulae were then inserted into each guide cannula to prevent clogging. Mice were given at least 7 d of postoperative recovery time.
ODN design. Arc/Arg3.1 antisense ODN and scrambled ODN were designed in reference to a previous study (Guzowski et al., 2000) . The Arc/Arg3.1 ODN encoded an antisense sequence for the Arc/Arg3.1 mRNA sequence near the translation start site (Lyford et al., 1995) . The scrambled ODN did not show significant homology to any sequences in the GenBank database (Guzowski et al., 2000) . Both ODNs contained phosphorothioate linkages on the three terminal bases of both the 5Ј and 3Ј ends and phosphodiester internal bonds. This design is reported as more stable than unmodified phosphorothioated ODNs in vivo and less toxic than fully phosphorothioated ODNs (Guzowski et al., 2000) . The following sequences were used ("ϳ" denotes a phosphorothioate linkage): 5Ј-GϳTϳCϳCAGCTCCATCTGGTϳCϳGϳT-3Ј (antisense) and 5Ј-CϳGϳTϳGCACCTCTCGCAGGϳTϳTϳT-3Ј (scrambled). This antisense sequence has been shown to effectively inhibit Arc/Arg3.1 protein expression in the hippocampus and to exhibit a high degree of specificity for Arc relative to other immediate early genes (Guzowski et al., 2000; Onoue et al., 2014) .
Drugs and microinfusions. Mice received intrahippocampal infusion (0.5 l per side) of ODN (400 pmol), TTX (0.5 ng, Tocris Bioscience), or function-blocking antibody to BDNF (0.31 g, Millipore). The solutions were dissolved in PBS or saline, and PBS, saline, or IgG (0.31 g, Millipore) was used as vehicle solution. Infusions were made over 2 min, and the infusion cannulae (28 gauge, extending 0.5 mm below the guide cannula) were left in place for at least 2 min afterward to facilitate the diffusion of solutions throughout the whole dorsal hippocampus.
Mice received intraperitoneal injection of kainic acid (20 mg/kg, Tocris Bioscience) for the induction of seizures. Kainic acid was dissolved in saline.
Dendritic spine analysis. Mice were anesthetized with diethyl ether and transcardially perfused with PBS followed by 4% PFA. Brains were postfixed in 4% PFA overnight and coronally sectioned at a thickness of 100 m with a microslicer (ZERO 1; Dosaka).
Images of basal and apical dendrites of mGFP ϩ CA1 pyramidal neurons in the dorsal hippocampal CA1 region (bregma Ϫ1.3 to Ϫ1.9 mm) were obtained with a Leica SP8 confocal microscope at 63ϫ under oilimmersion (NA, 1.4). To avoid interference from dendrites of other mGFP ϩ neurons, only dendritic segments that were spatially isolated from the nearest dendrites were analyzed.
Spine detection and measurements were performed semiautomatically by the NeuronStudio software (Rodriguez et al., 2006 (Rodriguez et al., , 2008 . The NeuronStudio data are accurate, reproducible, robust, and noiseresistant enough to analyze morphological reorganization of CA1 dendritic spines (Kitanishi et al., 2009a) . Once the starting points of dendritic tracing are manually determined, dendritic shafts are automatically detected. Then, the individual spines were automatically detected. Erroneous detection, such as short dendritic branches, optical noise, and very closely neighboring spines that were not automatically separable with NeuronStudio, were manually corrected by an experimenter blind to behavioral conditions. Then, the diameter of spine head and neck and the length of spines and dendritic shafts were measured with NeuronStudio. The number of spines per micrometer along the dendritic longitudinal axis was defined as the spine density. The spine shape was classified into mushroom, thin, and stubby spines (Harris et al., 1992) . In brief, a spine with a head diameter Ͼ0.4 m and ratio of the head diameter to the neck diameter Ն1.0 was defined as a mushroom spine. Spines longer than 1.0 m were defined as thin spines, and the rest were classified as stubby spines. We compared dendritic spine density on basal dendrites within 100 m of the soma and on the apical dendrites within 200 m of the soma.
Data analysis. All values are mean Ϯ SEM. Statistical analysis was performed using one-way ANOVA, repeated-measures ANOVA, Tukey's test, Student's t test, and paired t test, where appropriate. p Ͻ 0.05 is considered statistically significant. Early and late Arc expression after contextual FC. A, Mice were killed 2, 6, 12, or 24 h after contextual FC. B, Hippocampal Arc expression was upregulated 2 and 12 h but not 6 and 24 h after FC (n ϭ 10 mice per group). C, D, Mice that were subjected to contextual FC (FC group) showed longer freezing behavior in the memory test than mice that received IS (n ϭ 6 mice per group). E, Mice were killed 12 h after FC or IS. F, FC group showed greater Arc level relative to IS group (n ϭ 10 mice per group). G, Mice were killed 12 h after IS or 2, 6, 12, or 24 h after contextual FC (n ϭ 6 mice per group). H, Representative images of Arc immunostaining in hippocampal CA1, CA3, and DG. Scale bar, 50 m. I, Left, Proportion of Arc ϩ CA1 neurons was upregulated 2 and 12 h after FC. Middle, Proportion of Arc ϩ CA3 neurons was upregulated 2 h after FC. Right, Proportion of Arc ϩ DG neurons was upregulated 2 and 6 h after FC. Error bars indicate mean Ϯ SEM. **p Ͻ 0.01. *p Ͻ 0.05.
Results

Early and late Arc expression after contextual FC
To characterize Arc expression after learning, we measured hippocampal Arc levels after contextual FC. Mice were killed 2, 6, 12, or 24 h after contextual FC, and their hippocampal lysates were subjected to Western blotting with an anti-Arc antibody (Fig.  1A) . Following FC, hippocampal Arc levels increased at 2 h, returned to basal levels at 6 h, increased again at 12 h, and returned to basal levels at 24 h (Fig. 1B) (one-way ANOVA, F (5,42) ϭ 7.5, p ϭ 4.4 ϫ 10 Ϫ5 ; Tukey's post hoc test, naive vs 2 h, p ϭ 0.0037; 12 h, p ϭ 0.0046). To test whether late Arc expression (Arc expression at 12 h) depends on associative learning, Arc expression was measured 12 h after an IS session instead of a FC session (Fig.  1E ). The IS protocol, which consisted of delivering footshocks to mice immediately after placing them in a chamber, temporally dissociated context and shock exposure in mice and induced poor memory retention (Fig. 1C,D ) (Student's t test, t (10) ϭ 13.4, p ϭ 1.0 ϫ 10 Ϫ7 ). Arc levels 12 h after IS were comparable with basal levels (Fig. 1F ) (one-way ANOVA, F (2,27) ϭ 5.4, p ϭ 0.011; Tukey's post hoc test, FC vs IS, p ϭ 0.028). These data indicate that contextual FC induces late Arc expression in the hippocampus.
Next, we compared Arc expression after contextual FC among the CA1, CA3, and DG. Mice in the FC group were killed 2, 6, 12, or 24 h after contextual FC, and mice in the IS group were killed 12 h after an IS session (Fig. 1G ). Brain slices were subjected to Arc immunohistochemistry, and CA1, CA3, and DG neurons expressing Arc were separately measured (Fig. 1H ) . The proportion of CA1 neurons with Arc signals was increased 2 and 12 h after FC (Fig. 1I ) (one-way ANOVA, F (5,23) ϭ 11.5, p ϭ 1.1 ϫ 10 Ϫ5 ; Tukey's post hoc test, naive vs 2 h, p ϭ 2.6 ϫ 10 Ϫ4 ; 12 h, p ϭ 0.0019). In contrast, the proportion of CA3 neurons with Arc signals was increased only 2 h after FC (Fig. 1I ) (one-way ANOVA, F (5,23) ϭ 3.7, p ϭ 0.014; Tukey's post hoc test, naive vs 2 h, p ϭ 0.034; 12 h, p ϭ 1.00). The proportion of DG neurons with Arc signals was increased 2 and 6 h, but not 12 h after FC (Fig. 1I ) (one-way ANOVA, F (5,23) ϭ 10.4, p ϭ 2.6 ϫ 10 Ϫ5 ; Tukey's post hoc test, naive vs 2 h, p ϭ 4.0 ϫ 10 Ϫ4 ; 6 h, p ϭ 0.017; 12 h, p ϭ 1.0). These data indicate that contextual FC induces late Arc expression in the hippocampal CA1 neurons.
Hippocampal CA1 neurons activated during FC preferentially express Arc 12 h after conditioning
Specific neuronal populations activated during learning are likely to contribute to the memory trace (Reijmers et al., 2007; Han et al., 2009; Liu et al., 2012; Nonaka et al., 2014) . Because late Arc expression is related to associative learning, it is possible that neuronal populations activated during learning preferentially express Arc in the late phase. To test this possibility, we used Fos-H2BGFP mice. In these transgenic mice, tTA is induced by activation of the activity-dependent c-Fos promoter (Reijmers et al., 2007) . In the absence of Dox, tTA binds to tetO and then leads to expression of human histone H2B-GFP fusion protein in active neurons ( Fig. 2A) (Tayler et al., 2011 (Tayler et al., , 2013 . To examine whether neurons activated during learning express Arc, we first labeled neurons activated during conditioning with H2B-GFP. Mice received contextual FC in the absence of Dox and were killed 12 h later ( Fig. 2B ; FC 12 h group). To rapidly inhibit H2B-GFP expression after conditioning, we gave a high dose of Dox (1 g/kg) to mice. Arc and H2B-GFP immunostaining images were then obtained from the hippocampal CA1 region (Fig. 2C) . H2B-GFP expression reflected neuronal activity during FC because FC with Dox resulted in little H2B-GFP expression (Dox ON group) and because fewer H2B-GFP ϩ neurons were observed in control mice in home cages (Fig. 2D) (Fig. 2E ) (repeated-measures ANOVA, F (3,21) ϭ 5.1, p ϭ 0.0080; post hoc paired t test, p ϭ 3.1 ϫ 10 Ϫ7 ). This preferential Arc expression was not observed in the home cage controls. These results suggest that, in the late phase after learning, the neurons activated during learning preferentially express Arc. In addition, H2B-GFP ϩ neurons preferentially express Arc 2 h, as well as 12 h, after FC in the mice that were subjected to FC without Dox (FC 2 h group; Fig.  2B ,E) (post hoc paired t test, GFP Ϫ vs GFP ϩ , FC 2 h, p ϭ 0.0012). To further test whether the neurons activated specifically during learning express Arc in the late phase after learning, we prepared another control ( Fig. 2A, context group) . These mice were exposed to a neutral context different from a conditioning context in the absence of Dox, received contextual FC with Dox 2 d later, and were killed 12 h later. In these mice, the H2B-GFP expression reflected the neural activity during exploration in the neutral context instead of in response to FC (Fig. 2D) . In contrast to mice subjected to FC without Dox, late Arc signals were equally distributed in H2B-GFP ϩ and H2B-GFP Ϫ neurons (Fig. 2E) . Together, these results strongly indicate that hippocampal CA1 neurons activated during learning preferentially express Arc in the late phase after learning.
Early Arc expression depends on neuronal activity whereas late Arc expression depends on BDNF Previous studies indicate that neuronal activity or BDNF application is sufficient to trigger Arc expression (Link et al., 1995; Lyford et al., 1995; Yin et al., 2002) . However, the mechanisms for learning-induced early and late Arc expression are poorly understood. To explore whether early Arc expression depends on neuronal activity and/or BDNF, we infused TTX to block action potentials or function-blocking anti-BDNF antibody into the dorsal hippocampus 30 min before FC. The brains were removed 2 h after FC for Western blotting with an anti-Arc antibody (Fig.  3A) . TTX infusions inhibited early Arc expression (one-way ANOVA, F (2,21) ϭ 3.7, p ϭ 0.042; Tukey's post hoc test, vehicle vs TTX, p ϭ 0.047), but anti-BDNF antibody infusions had no effect (F (2,21) ϭ 4.4, p ϭ 0.026; IgG vs anti-BDNF, p ϭ 0.85) (Fig. 3B) . Consistent with a previous study reporting that blockade of BDNF function does not affect early Arc expression (Chen et al., 2012), our finding indicates that that early Arc expression depends on neuronal activity but not BDNF. ,comparedwiththemiceinfusedwithscrambledODN(nϭ9mice) .G,H,MiceinfusedwithArcantisenseODNintothedorsal hippocampus 7 h after FC (n ϭ 8 or 9 mice) showed less freezing behavior at 7 d but not 2 d after FC, compared with the mice infused with scrambled ODN (n ϭ 8 or 9 mice). I, J, Mice infused with Arc antisense and scrambled ODN into the dorsal hippocampus 19 h after FC (n ϭ 7 mice) showed comparable freezing behavior at 7 d after FC. Error bars indicate mean Ϯ SEM. **p Ͻ 0.01.
To test whether late Arc expression depends on neuronal activity and/or BDNF, we infused TTX or function-blocking anti-BDNF antibody into the dorsal hippocampus 9 h after FC. The brains were then removed 3 h later (Fig. 3C) . In contrast to early Arc expression, anti-BDNF antibody infusions inhibited late Arc expression (one-way ANOVA, F (2,21) ϭ 5.0, p ϭ 0.016; IgG vs anti-BDNF, p ϭ 0.048), but TTX infusions did not affect late Arc expression (F (2,21) ϭ 6.5, p ϭ 0.0063; Tukey's post hoc test, vehicle vs TTX, p ϭ 0.93) (Fig. 3D) . We also confirmed the effect of anti-BDNF antibody infusions on late Arc expression by Arc immunohistochemistry (Fig. 3 E, F ) . Anti-BDNF infusions inhibited the increase in Arc ϩ neurons in the CA1 12 h after FC (Student's t test, t (8) ϭ 2.8, p ϭ 0.024) (Fig. 3G) . Together, these results indicate that early Arc expression depends on neuronal activity, whereas late Arc expression depends on BDNF.
Early Arc expression contributes to memory formation whereas late Arc expression contributes to memory persistence
To parse the roles of early and late Arc expression in memory, we considered separate inhibition of early and late Arc expression with antisense ODNs. We previously confirmed that infusions of Arc antisense ODN (400 pmol/hemisphere) into the dorsal hippocampus inhibit hippocampal Arc expression 5 h after infusions and had no effect on the expression of other immediate early genes (Onoue et al., 2014) . In this study, we first tested whether infusions of Arc antisense ODN inhibits Arc expression in the CA1. Mice received Arc antisense or scrambled ODN into the dorsal hippocampus 3 h before kainic acid seizure and were killed 2 h later (Fig. 4A) , and their CA1 lysates were subjected to Western blotting. Infusions of Arc antisense ODN inhibited CA1 Arc expression induced by kainic acid seizure (one-way ANOVA, F (2,21) ϭ 11.2, p ϭ 4.9 ϫ 10 Ϫ4 ; Tukey's post hoc test, scrambled vs antisense, p ϭ 0.0035) (Fig. 4B) .
To examine the role of early Arc expression in memory formation, we infused Arc antisense or scrambled ODN into the dorsal hippocampus 3 h before FC, and 2 d later, we placed the mice in the conditioning context to test memory retention (Fig. 4E) . Consistent with previous reports that early Arc expression is required for consolidation of spatial and fear memories (Guzowski et al., 2000; Ploski et al., 2008) , inhibiting early Arc expression with Arc antisense ODN disrupted freezing behavior (Student's t test, t (15) ϭ 3.4, p ϭ 0.0044) (Fig. 4F ) , suggesting that early Arc expression contributes to memory formation.
To examine the role of late Arc expression, we first examined whether Arc antisense ODN inhibits late Arc expression in the CA1. Mice received Arc antisense or scrambled ODN into the dorsal hippocampus 7 h after FC and were killed 5 h later (Fig.  4C) . Their CA1 lysates were subjected to Western blotting. Infusions of Arc antisense ODN inhibited late Arc expression in the hippocampal CA1 region (one-way ANOVA, F (2,21) ϭ 7.0, p ϭ 0.0046; Tukey's post hoc test, scrambled vs antisense, p ϭ 0.0057) (Fig. 4D) . Next, we prepared different mice and infused Arc antisense or scrambled ODN into the dorsal hippocampus 7 h after FC, and 2 d later, we placed the mice in the conditioning context to test memory retention (Fig. 4G) . In contrast to early Arc expression, inhibiting late Arc expression had no effect on freezing behavior at the 2 d test (Student's t test, t (16) ϭ 0.29, p ϭ 0.77) (Fig. 4H, left) , suggesting that late Arc expression is not required for memory formation. To examine the effect of inhibiting late Arc expression on memory persistence, we prepared additional mice and tested memory retention 7 d instead of 2 d after infusions of Arc antisense of scrambled ODN (Fig. 4G) . Inhibiting late Arc expression disrupted freezing behavior at the 7 d test (t (14) ϭ 4.8, p ϭ 0.00028) (Fig. 4H, right) . The effect of Arc antisense ODN infusions depended on the interval between FC and the infusions because Arc antisense ODN infusions at 19 h after conditioning did not affect freezing behavior at the 7 d test (Student's t test, t (12) ϭ 0.75, p ϭ 0.47) (Fig. 4 I, J ) .
Because degradation products of ODNs might be cytotoxic, it could be argued that effects of infusions of Arc antisense ODNs are due to lesions or immune response but not inhibition of Arc. To test this possibility, we examined the neuronal density and astrocyte and microglia responses in the CA1 of the mice that received Arc antisense or scrambled ODN into the dorsal hippocampus 7 h after FC. They were killed 7 d later (Fig. 5A) . The density of NeuN ϩ cells (Student's t test, t (6) ϭ 0.21, p ϭ 0.84) (Fig. 5 B, C) , GFAP immunoreactivity (Student's t test, t (6) ϭ 0.19, p ϭ 0.86) (Fig. 5 D, E) , and the density of Iba1 ϩ cells (Student's t test, t (6) ϭ 0.58, p ϭ 0.58) (Fig. 5 F, G) were comparable between mice given Arc antisense and scrambled ODN infusions.
Late Arc expression prunes dendritic spines 7 d after FC
Spine elimination in the late phase after learning has been proposed as a mechanism for memory persistence (Liston et al., 2013) . Although the role of Arc in spine remodeling associated with learning and memory has not been examined previously, Arc signaling can impact dendritic spine density and morphology (Peebles et al., 2010) . Thus, we speculated that late Arc expression after FC is involved in spine remodeling associated with memory persistence.
To determine whether dendritic spine density changes following FC, we used Thy1-mGFP mice that express membrane- targeted EGFP in CA1 neurons (Kitanishi et al., 2009a, b) . The spine density of hippocampal CA1 neurons was measured 7 d after contextual FC (FC group) (Fig. 6 A, B) . Compared with naive control mice, the density of mushroom spines on CA1 basal dendrites was reduced 7 d after FC (one-way ANOVA, F (4,79) ϭ 8.6, p ϭ 8.7 ϫ 10 Ϫ6 ; naive vs FC, p ϭ 0.018) (Fig. 6C) . To test whether this spine reduction is related to associative fear memory, we measured spine density 7 d after IS group. In contrast to FC, IS did not affect the density of mushroom spines (FC vs IS, p ϭ 0.0040) (Fig. 6C) . These results suggest that spine loss is related to associative fear memory.
To test whether late Arc expression is involved in the spine elimination, we measured spine density of CA1 neurons from mice with inhibited late Arc expression. Mice were given intrahippocampal infusions of Arc antisense or scrambled ODN 7 h after contextual FC and killed 7 d after conditioning for spine analysis (Fig. 6A) . Although the density of mushroom spines was reduced in the mice given scrambled ODN infusions, this loss was prevented by hippocampal infusions of Arc antisense ODN (naive vs scrambled, p ϭ 0.030; scrambled vs antisense, p ϭ 6.7 ϫ 10 Ϫ4 ) (Fig. 6C) . Separate analysis of small (head diameter Ͻ0.6 m) and large (head diameter Ն0.6 m) mushroom spines revealed that FC preferentially eliminated small mushroom spines in a late Arc-dependent manner (repeated-measures ANOVA, group ϫ type, small vs large spines, F (8,160) ϭ 3.0, p ϭ 0.0037; IS vs FC, small spines, p ϭ 0.0013; scrambled vs antisense, small spines, p ϭ 0.018) (Fig. 6D) . In contrast, the density of thin and stubby spines on basal dendrites (thin spines, F (4,79) ϭ 1.6, p ϭ 0.19; stubby spines, F (4,79) ϭ 2.4, p ϭ 0.057) and all types of spines on apical dendrites were comparable among groups (mushroom spines, F (4,83) ϭ 0.79, p ϭ 0.53; thin spines, F (4,83) ϭ 0.16, p ϭ 0.96; stubby spines, F (4,83) ϭ 0.93, p ϭ 0.45) (Fig. 6C,E) . These results indicate that, dependent on late Arc expression, FC prunes small mushroom spines on CA1 basal dendrites.
We next asked whether inhibiting late Arc expression affects the spine density 2 d after FC. Mice were given intrahippocampal infusions of Arc antisense or scrambled ODN 7 h after contextual FC and killed 2 d after conditioning (Fig. 7A) . In contrast to 7 d after conditioning, inhibiting late Arc expression had no effect on the density of all types of spines both on basal and apical dendrites 2 d after conditioning (all comparison, p Ͼ 0.3) (Fig. 7 B, C) . This result indicates that late Arc expression requires at least 2 d to modify spine density and freezing behavior.
To explore whether the effect of inhibiting Arc translation on spine reorganization depends on the time interval between conditioning and Arc inhibition, we infused Arc antisense or scram- bled ODN into the dorsal hippocampus 19 h instead of 7 h after FC and removed the brains for spine analysis 7 d after conditioning (Fig. 7D) . The density of all types of spines both on basal and apical dendrites was comparable between groups (all comparison, p Ͼ 0.3) (Fig. 7 E, F ) . This result indicates that the effect of inhibiting Arc expression on spine reorganization is time-limited. Late Arc expression is required for reactivation of neuronal ensembles activated during FC Selective reactivation of neurons activated during learning is essential for memory recall (Reijmers et al., 2007; Han et al., 2009; Liu et al., 2012) . Spine elimination potentially enhances signalto-noise ratios to encode information during learning and then contributes to reactivation of neuronal ensembles that were established during learning (Grønli et al., 2013; Schacher and Hu, 2014) . Thus, we speculated that late Arc expression is involved in reactivation of neuronal ensembles, possibly through spine elimination. To test this possibility, we examined reactivation of neuronal ensembles that were activated during learning in mice with inhibited late Arc expression. We subjected Fos-H2BGFP mice to FC in the absence of Dox (Fig. 8A) . Then, we fed these mice with 1 g/kg Dox to rapidly inhibit H2B-GFP expression after conditioning. They received hippocampal infusions of Arc antisense or scrambled ODN 7 h later. They were exposed to the conditioning context as a memory retrieval session 7 d later and killed 2 h afterward. Consistent with the previous result (Fig. 4D) , inhibiting late Arc expression disrupted freezing behavior at 7 d (Student's t test, t (12) ϭ 3.8, p ϭ 0.0027) (Fig. 8B ). This behavioral protocol allowed us to identify H2B-GFP ϩ neurons as the neurons activated during FC and Arc ϩ neurons as the neurons activated during the retrieval session. Arc and GFP immunostainings were obtained from the hippocampal CA1 region (Fig. 8C) . The proportion of H2B-GFP ϩ neurons was comparable between mice given Arc antisense and scrambled ODN infusions (Fig.  8D ). In the mice given scrambled ODN infusions, H2B-GFP ϩ neurons were more likely to be positive for Arc relative to H2B-GFP Ϫ neurons (repeated-measures ANOVA, F (1,12) ϭ 10.8, p ϭ 0.0065; post hoc paired t test, GFP ϩ vs GFP Ϫ in scrambled group, p ϭ 2.2 ϫ 10 Ϫ5 ) (Fig. 8E) , suggesting that the neurons activated during learning were preferentially activated during memory retrieval. This result is consistent with a previous study reporting that hippocampal CA1 neurons activated during contextual FC are reactivated during retrieval of a memory (Tayler et al., 2013) . In the mice given Arc antisense ODN infusions, however, the preferential Arc expression in H2B-GFP ϩ neurons was abolished (GFP ϩ vs GFP Ϫ in antisense group, p ϭ 0.25) (Fig. 8E) . The total proportion of Arc ϩ neurons was comparable between mice administered scrambled and Arc antisense ODN infusions (scrambled ODN, 35.6 Ϯ 1.0%; Arc antisense ODN, 34.9 Ϯ 0.85%; Student's t test, t (12) ϭ 0.50, p ϭ 0.63). These results indicate that late Arc expression is required for the reactivation of neuronal ensembles that were activated during initial learning.
Discussion
In the present study, we characterized late Arc expression in the hippocampus following associative fear learning. We discovered that Arc is upregulated 12 h after contextual FC preferentially in CA1 neurons activated during conditioning in a BDNF-dependent manner. We also found that inhibiting late Arc expression impairs delayed elimination of dendritic spines, reactivation of neurons activated during conditioning, and expression of conditioned fear 7 d after initial FC. These findings suggest that BDNF-dependent late Arc expression eliminates dendritic spines and stabilizes neuronal ensembles to prolong long-term memories.
Intracellular molecular cascades are likely to be involved in late Arc expression. CA1 neurons activated during FC preferen- tially expressed late Arc compared with those not activated during conditioning. In addition, TTX infusions did not affect late Arc expression, suggesting that action potential-dependent neurotransmission, at least shortly before late Arc expression, is not essential for Arc expression. In contrast, function-blocking anti-BDNF antibody inhibited late Arc expression. This result suggests that BDNF triggers late Arc expression. Indeed, previous studies have reported that BDNF is induced in the hippocampus and amygdala 8 -12 h after contextual FC, inhibitory avoidance, and conditioned taste aversion tasks (Bekinschtein et al., 2007; Ou et al., 2010; Ma et al., 2011) . This late-phase expression of BDNF is regulated via autoregulatory feedback loop cooperated with CCAAT-enhancer binding protein ␤ expression (BambahMukku et al., 2014) . Moreover, applying BDNF to cultured neurons is sufficient to induce Arc expression (Yin et al., 2002) . Together, molecular cascades that are initiated by learning presumably lead to late-phase expression of BDNF, and then BDNF is likely to trigger Arc expression in an autocrine manner (Kokaia et al., 1993; Zakharenko et al., 2003) .
Memory recall requires stable reactivation of neuronal ensembles formed by learning (Han et al., 2007 (Han et al., , 2009 Liu et al., 2012; Kim et al., 2014) . Indeed, CA1 neurons activated during contextual FC are reactivated during memory retrieval (Tayler et al., 2013) . This reactivation occurs at 2 and 14 d after conditioning, indicating that stable neuronal ensembles in CA1 established by learning persist for at least 14 d. In this study, we have shown that inhibiting late Arc expression disrupted reactivation of neuronal ensembles, as well as freezing behavior, 7 d after FC. These findings indicate that late Arc expression is essential for stabilization of neuronal ensembles formed by learning.
At the cellular level, Arc regulates morphological remodeling of dendritic spines and is essential for shaping functional circuits. A previous study using Arc Ϫ/Ϫ mice has shown that Arc loss leads to an increase in the proportion of mushroom spines on CA1 neurons with a decrease in the proportion of thin spines and increased epileptic-like network hyperexcitability (Peebles et al., 2010) . Overall Arc expression may therefore regulate spine morphology and density, as well as stabilize network activity. In our current study, we focused on the role of learning-induced Arc in learning-related spine reorganization and network activity. We found that late Arc expression is required for spine elimination observed 7 d after FC and for persistence of neuronal ensembles that were established during learning. Because the strengthening of specific synaptic connections underlies a memory trace, elimination of redundant synapses could refine functional circuits for memory. Thus, late Arc-dependent spine pruning might be associated with persistence of neuronal ensembles established by learning. Interestingly, separate analyses of small and large mushroom spines revealed that small mushroom spines are selectively decreased 7 d after FC. Because learning in vivo and synaptic potentiation in vitro are tightly associated with spine enlargement (Matsuzaki et al., 2004; Roberts et al., 2010) , it is possible that large mushroom spines, which are not eliminated 7 d after FC, are involved in a fear memory trace.
De novo spine formation has been proposed as a structural basis for memory traces (Bailey and Kandel, 1993) ; in our study, however, we did not detect an increase in spine density 7 d after contextual FC. Similarly, no changes in spine density 1-3 d after contextual FC have been reported in another study using DiI for visualizing dendritic spines (Matsuo et al., 2008) . Presumably, spine elimination may equal spine formation, preserving overall density. Moreover, in some conditions, spine formation may not make a central contribution to a memory trace (Lai et al., 2012; Sanders et al., 2012) . Indeed, a recent time-lapse imaging study of the frontal association cortex found that, after FC, spine elimination is preferentially observed relative to spine formation (Lai et al., 2012) .
Spine reduction following FC is selective for mushroom spines on basal dendrites. Selective reduction of mushroom spines might reflect thinning of spine heads, converting originally small mushroom spines into thin spines and eliminating small thin spines altogether. Indeed, Arc overexpression in hippocampal neurons reduces spine thickness (Peebles et al., 2010) . A possible explanation for preferential spine reduction on basal but not apical dendrites is that cholinergic modulation enhances synaptic plasticity on basal dendrites. More cholinergic input arrives in the striatum oriens where CA1 basal dendrites are located rather than in the striatum radiatum (Schäfer et al., 1998) . Because acetylcholine lowers the threshold for synaptic changes of CA1 neurons (Ovsepian et al., 2004) , dendritic spines on basal dendrites could be more susceptible than those on apical dendrites (Perez-Cruz et al., 2011) . Indeed, selective spine remodeling on basal dendrites has been previously reported (Moser et al., 1997; Leuner et al., 2003; Santos et al., 2004) .
In conclusion, we found that late Arc expression depends on BDNF, but not neuronal activity, and is critical for delayed elimination of dendritic spines and the stable reactivation of neuronal ensembles. Late Arc expression seems to slowly refine functional circuits to prolong long-term fear memories. The precise timing of gene expression is thus crucial to both structural and functional activity-dependent changes underlying learning and animal behavior.
